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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
APPLICATION FOR PATENT 

TITLE: CALIBRATION AND ALIGNMENT OF X-RAY 

5 REFLECTOMETRIC SYSTEMS 

Field Of The Invention 

X-ray reflectometry is a technique for measuring the thicknesses 
of thin films In semiconductor manufacturing and other applications. )n 
10 order to maximize accuracy with this technique, it is necessary to 

precisely calibrate and align elements of the X-ray reflectometry system 
and the present invention relates to methods for achieving this. 



Background Of The Invention 

15 There is considerable need to accurately measure the 

thicknesses of thin films, particularly in the semiconductor manufacturing 
industry. One method for making such measurements is an X-ray 
reflectometry technique ("XRR") which relies on measuring the 
interference patterns of X-rays scattered from a thin film sample. With 

20 XRR the reflectivity of a sample is measured at X-ray wavelengths over 
a range of angles. These angles typically range from zero degrees, or 
grazing incidence along the surface of the sample, to a few degrees. 
From the X-ray interference pattern, properties of the sample such as 
material composition and thickness can be inferred. 

25 In a recent development simultaneous measurements of the 

sample reflectivity over a range of angles are accomplished by 
Illuminating the sample with a focused beam and then detecting the 
reflected X-rays with a position sensitive detector such as a photodiode 
an^y. 
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XRR has several advantages over techniquiss using visible light 
One such advantage is that XRR makes It possible to measure the 
thickness of ultra-thin films whose ihickriesses are oh the order of 30 ■ 
angstroms or less. Visible light is not sulfeble for the study of such ultra- ' 

5 thin films using interference patterns because of rts'wavelength. ' ' 
However, an XRR system liiay preferably use radiation at wavelengths 
of about 1.5 angstroms, which radiation creates suitable interference 
patterns even when probing" such ultra-thih films. In addition; XRR rhay ' - 
suitably be used where the film is composed of a materia) that is opaque 

10 to light, such as a metaf or melal compound, finally, XRR inay suifeiibly 
be used to measure the density and thic<<^ess cf films composed of 
materials that have a Sow dielectric constant arid a con-espondingly low 
index of refi^ction, such as certain poh^tnars, 'carbon fiiibride 
compounds, and aerogels. 

15 A preferred XRR technique is described in U.S. Patent No. 

6,6f9,54S, issued April 8,- 1997, Which is hereby incorporated by ■ 
reference in its entirety.' F;g. 1 illusiratos tl\is prefen-ed technique. - ^ 

Kefening to Fig. 1, the prefen^sd X-ray scattering system includes 
an X-ray source '31 producing an X^3y bundle 33 that comprises a 

20 plurality of X-rays shown as 35a, 35b, arVd 35a Ah X-ray reflector 37 is 
placed in the path oT.the X*ray bundle ^33. Trie reflector 37 directs the X- 
ray bundle 33 onto a test sample 39 held lii ^ fixelJ position by a stag^ 
45, and typically iriduding a tiiin film layer 41 disposed on a substrate 
43. Accordingly,- a pluralrty of reflected X-ray&, 67ai ' 57b, arid- 57c 

25 concurrently illuminate the' tiiin film layer 41 of the fest sari'iple 39 at 
different angles of incidence. - . . 

The X-ray reflector 37 is preferably a monochromator. The' 
diffraction of the intideht bundle of X-rays 33 within the single-crystal ' - 
monochromator allows only a nambw band of the incident wavelength 

30 spectmm to reach the sample 39, such' that the-Bragcoriditidn is • 
satisfied for this nanrow band. As a result, the plurality of X-rays 57a,' " 
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57b, and 57c; which are directed onto the test sample 39, are also 
monochromatiq. . A detectpr 47 is posiljoned to^nse X-rays reflected 
from the test sample 39 and to prpduce^slgnals con^pondlng to the 
intensities and angles of incidence of the sensed X-rays. Fig. 2 depicts - 

5 an example of a graph of date^from the detector 47 showing a 

nonnallzed measure of the reflectivity of the sample as a function of the ; 
angle of incidence to the surface of the sample 39. A processor is 
connected to the detector to receive signals produced by the detector in 
order to detemnine varipus properties of the structure of the thin film 

10 layer, indudin^^hickness, density an<dsn^^ 

In order to maximize ther^pcMracy, of the X-ray measuremente, it , 
iS necessary to precisely calibrate . an d align uTie XRR system. The , 
present invention relates to techniques for doing this. 

15 Summary of the Invention . 

One object of the present invention relates to the calibration of the 
detector 47. In orc^er^to propeiiyf iptecpfet tjie raw data graphed in Fig. 3, 
it \s necessary to^detennlnesvy^iph pbcelCo lies on the extended plane of 
the sample),39.:. In addition it i§ necessary to fin,d the intensity of the . 

20 inddent, unreflected X-ray cqije^^onding tq^%ch pixje^-in order to t>e . 
able to nonmalize the refiectj^X-i:ay intensity. reacti^^^^ a point-by-, 
point^basis.- An aspect of th^prjesent jnventipn.desGribes a method for 
accurately deten?aining:CQ for qaoh sample. placement and for finding the . 
incident X^ay4ntensity-conrespQricj^^^ each pixel^and thus pennitting . 

25 an amplitude .^libration of the r^^ , 

Another object of the present Invention relates- to a method for 
aligning, an angle-resolvecj X-ray reflectometer that uses a focusing 
optic, which may preferably be a Johansson crystal. ;.ln accordance with 
the present invention, the foes^jlocation rT\ay bedelerrnined based pn-a ^ 

30 series of measurements of the incident beam profile at several different 
positions along the X-ray iDptical path.. 
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Another objecfcof the present invention is*to?validate the focusing 
optic, it is important that tirte focusing optic fomis an X-ray beam of _ 
uniform and predictable convergence. This is necessary in order to , 
achieve an accurate one-to-one Qonr^^pondpnce between the pixel 

5 location on the detector and the ijngle of reflection^of X-rays frpm the , 
sample. A validation of the optics may be performed using a grid mask ,^ 
consisting of regularly spaced openings and opaque bars in order to 
observe the accuracy of optic shaping. 

Another object of the preseint invention relates to tiie alignment of 

10 the focusing optic with the X-ray source: For example, in the case of ah 
X-ray tube source, iachieving the best angular riesolutiori for tiie " ' 
reflectometer requires that the line focus of the X-ray tube arid the berid 
axis of the focusing optic be coaiigned s6 as to be ac(:urately parallel. A 
method for checking this cbaiignment is tb place a fine wire between the 

15 X-ray source and the optic and observe the shadow of the wire in the > 
beam profile formed by the optic, . ^ ... ; , ; ^ , - 

Another object of the present invention cpncems .the correction of 
measurements enrors caused by the tilt or slope of tine sample. 
Yet another object of tiie present invention concems tiie 

20 calibration of tiie vertical position of the sample, Changes in tiie' sample 
height lead to shifis in tiie location of the reflected beam, so that the 
vertical sample position must be calibrated if an accurate measurement 
istobemade. " - " ' r.^ * :r; : . c : -J , i 

25 Brief DescripSon-of the Pgures . . o -^^ ' : , - . v / 

Fig, 1 shovvs a prefenred X-ray reflectometiry system. ' : j , -j 

Fig. .2 shows a r^ormalized graph of sample X-ray reflectivity as a 
function of the angle of incidence to tiie sample. : ~ ^ : , 
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Rg. 3 shows a graph of raw data from a position sensitive 
detector in an XRR system giving signal strength as a function of pixel 
numtjer.-' ^ ■ • s- / . 

Rg. 4' shows graphs of both the ihddent X-ray beam and tlie 
5 reflected X-ray beam (dashed tines) as received b^ the position sensitive 
detector in an XRR system. ' 

Fig. 5 shows a graph where the rneasurements of the pixels 
sensing the incident X-ray beam have been inverted through a 
calculated pixel Co so that tiiejncident beam is "folded over* the 
10 reflected X-ray beam as measured by the position sensitive detector in 
an XRR system. . - . , , 

.Fig. 6 shows graphs ^frthe ineider)t be,am, i^rpfiie with a detector : 
placed at three different "ryn^f! disitapc^s^from the nominal focal ^ , - 
location of the X-ray pptlc. ^ - . . r> - i o " - : 

15 Fig. 7 shows a plot of the tocations^of (he uf^er and lower limbs - 

of the beam profHe graphs slWwiff trf'Fi^. ff as i function of "mn-out" 
distance. " ' ..r^f:^ :, : ^. v;. : . 

Fig. 8 shows a graph of botli the originai incident^X-ray beam and 
the profile of the incident X-ray beam after it has passed through a grid 
20 as measured by a detector." , V v 

Fig. 9 shows a graph of the incident X-ray beam profile where the 
beam path is partially blociced by a wire. 

Rg. 10a shows the relationship 6f X-fay £mgli&:^tnciidence and 
detector pixels in an XRR system when the sdrVtple is"not tilted. 

25 ^ • Rg. 10b shows the'alteredVelationship' of X-fay angle of - 
incidence and detector pixels' 4n an XRR systiem when tiie sample is 
tilted. 

Fig. 11 shows a system for detecting sample tilt 
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Co <^n>accortling!y be located in the following manners Rrst one t : 
locates the peak of the refieeted sighal: Because the sample reflectiYity: . 
drops off very" quickly at angles greater than the critical angle, the peat 
of the reflected profile lies close to the critical angle and serves to 

5 identify an approximate upper bound for the region of the reflected 

profile that is of Interest. To avoid getting data from beyond the critical , ^. 
angle, the upper limit for the region of interest is preferably set to 90% of . 
the peak of the reflected beam. Second, one locates the point where the 
incident and reflected profile signals cross. This point is approximately 

10 the location of Co and serves to identic an approximate lower bound for 
the region of the reflected profile that is of Jrjterest Because data fi^om - ; 
very weak signals tends to be bad and mgiy be significantly cocrupted by 
noise, the lower limit is.preferably^et to a sfgnallevel that is twice\the: 
level at which the two signals cross.. Third, one chooses varioustsignal : ; ; 

15 levels in the region of the reflected pro^le.c^rve.that is.of interest and 
draws horizontal lines between the refiectod.cnd incident profile curves -j. 
at those signal levels; Fourth; one finds tiie- midpoints of the^horizontah 
lines between the two. profiles^drawn jn the pjeviouis step.- Fifth, one - 
calculates the average centerpbceUGofrx'^ this set of midpoints after ; 

20 excluding outlying data points. ; • ^ ' r : t:r c . ^ 

Once the point of symmetry Co has been determined,, the incident 
beam can be folded; over the reflected he'jm by inverting the pixel array 
associated with ti^ie incident^profile ^tlirough^^e point Co. - These : ; . 
operationsproduce a graph-such as tt\at showr^ in Fig. 5: A nonmalized 

25 reflectwity is then calculated by dividing. thj5:Xaw. values in the reflected ^ 
profile by, the con^esponding incident profile values on a point%-point 
basis. In this way, the reflected profile data from the detector may be 
properly interpreted.. -^^ v: * . : . . : /jt 

Another aspect of the present invention relates to a method'fbr 

30 aligning an angle-resolvediX-ray reflectometer that uses;a focusing 
optic, which may preferably be a Johansson crystal. It is necessary to 
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determine where in space tiie focused image of tiiei Xrray source region 
falls, in order to establish tiie distance DIsetweeh the focused image and 
the detector. As discussed above; .this parameter is used tc match 
pixels to reflection angles via the reflection angle correlation: e = 

5 arctangent (p {C-Cb)/D). It is also desirable to know the focal location, 
because this i^ the preferred position of the front surface of the thin film 
sample being examined by the reflectometer in order to minimize thatX- ' 
ray beam "footprinf orlrradiated area on the surface of the sample. : 
^. m accordance with the present Invention, the focal location may 

10 be determined based oh a-seri^s of measurentents of the incident beam 
profire at several different positJbns along the X-ray optical path. A 
measurement series of this sortis shown graphically in-Fig. 6, in which 
the incident beam profile is <l0tected at several values of "run-out" * 
distanQ6^firom the nominal focal location: (Points "A", "B"; and "C" of Fig.- 

15 14 illustrate this methddology.)^ In Fig: B the width df the profile 
decreases as the detector loca^>appro^ches' the' nominal focal 
locaticn. The actual focal 4ocatibn'i?r the position in space at which the 
profile width extrapolates to zero. ' tn Fig. 7* the iocalions of the shoulders 
of the ihcideht beam profiles are plotted and denoted as the lower and ■ 

20 upper limbs. The focal location is then the point at which the lower and 
upper lirhbs converge. - :^ . • • 

In order to.find this cortvorgenoe point, fheHncident beam edge ' 
data collected at the various'^ruriTOuMocations may be fitted by linear 
regression techniques to ob&ih a piair of algebraic-relations describing 

25 the lowerand upper edge loeatldns as a fijnction of run-out distance.* 
The actual focallocation is then determined by solving'algebralcally for 
the intersection point of the two trades: In the case shown in fig. 6, -we 
find that the actual focal location is about 15mm closer to the detector 
than the nomlr^l value. The edge trace data also shows the minimum 

30 and maximum angles of incidence contained in the converging fan of X- 
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rays that expose thetl&ample. These angular values are reflected in ^the ■ 
slopes of the traces. ^ • '-^c^?/':. * r. , ^ 

Another aspect of the present inventidh relates to the validation of ' 
the focusing optic. It is irhportarit that the foojsihg t&ptic forms an X-ray 

5 beam of tihifomn and predictable cjorivergence. -This is necessary in - 
order to achieve an accurate one-to-one con^sf)ondenoe between the 
pixel location on thd detector and the angle of reflection of X-rSys from 
the sample. A validation of thfe opticfe may be perfonT?ed using'a grid 
mask consisting of regularly spaced openings and opaque bars in order 

10 to observe the accuracsy of optic shaping/ ^'^^ ■ - r • : - 
In order to accompfish this, the grid -mask is pladed across the X~ • 
ray bearh path between the^-i^y sbUrcs andlhb opticrand the shadow ' 
pattern formed by the mask ic detected at a position -downstrisam from ' 
the optic. Dataofthissort,fomned by a mask having regularly spaced 

15 75nm-wide openings and bars, is shbwn in Rg. 8.- Deviations from these 
locations are prckiuced by distbrlions of the optic from its intended figure. 
If the optic is corrDctiy fonnod, the featuiBs of the obseived grid pattern, 
its miiiima and maxinfa; sholild fall in predictable locations based on-the ' 
opening and bar spacings of the grid; IhThrs way the focusing optic rtiay' 

20 bevalidated. - ' ' ' ' \* - • 

Another aspect of the present inventron relates to tlie alignment of 
the ifocusing optic vvitli the Xnray source/ rdr ekamplei in the case of an 
X-ray tube source, achie^virig the best arigdlar resolution fbr the ' 
reflectometer requires that the line focus of the X-ray tube arid the bend 

25 axis of the focusing optic be coaligned so as to be accurately parallel. A 
metiiod for checking this coalighrrient Is to place a fine wire between tti& 
X-ray source arid the optic and ot5serWthe shadow of the wire in tiie 
beam profile fcnnsd by the optic. A pattern of this sort is shown in Fig. 
9. One can use a pinhole photograph of the X-ray source to detennine 

30 the orientation of its line focus and to preaiign the wire to that orientation. 
The width of the wire's shadow is then a'measure of the till misalignment 
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of the optio with resp ct to, the tube's line focus.. An accurate^. ; . . ' - 
coalignment can then t>e obtained by manipulating the op6c*s tilt so as to 
minimize the width of the shadow.^ • - ^ . 

Another aspect of the present- invention concerns the correction of . 

5 measurements errors caused by the tilt or slope.of the sample. The. ; 
slope of the sample is 9 critical paranrteter. Small variations in the 
sample flatness or the nriechanical slope in the. supporting stage can 
lead to variiations iri this plane as shown in.Flg$; 10a and .10b. As these 
figures show.: changes in the sample t'K change the direction of the - . 

10 reflected beam. In particular, tilts ^oog the director) pf the beam travel 
Cpitchr.) cause the beam to shift;yp:p^;<*3wn qn thei detector. Essentially, 
the rays at each incident angte an^ redir^c^ed to different pixels. I' such 
tilt shifts are not accounted for, tthe calculated angular reflectivity will be 

wrong.;, ■• • .1^, , - i 

15 5nrors of lejss than;,0.p05?:in jttie sample tilieanjchgnge the film , 

thicl^ess calcuiationsi,by a^^muph^ is an 

amount that is gr^atentiriari •the,4n^^^ of the X-ray 

reflectometer measurement^ In QtbeF;)WQixl.f y tilts in this range 
can be tj^e rnajqr source qf ^measurement error. ^ To nQf>it.the stage tilt to 

20 a tolerable level of, say, 0.001** requires less than 1.8 microns of vertical 
en-or over a C radius (a typ^cal-i^^iMs foF.a siljcpn^twafpr). . . 

Tilt iji a direction petpen^licular to^ th^,.beafn direcyon ("roir) will 
also alter ttie direction pf the:i:§fl ect^^beam. ,ln,thj^ ease, the 
predominant- effect is. a sldMorSidebShift of ttte be.am,pn.the detector. 

25 Since tiie^beam strikes the sarpe pixel range, hov/eyerythe relationship 
between^pixei^nd incidence angle is prieseryed. Thus^irpli isa less 
critical phenomenon than.pitch. StiHjiregulaptiesHn thejbeam , shape, 
could give rise.tp qieasuremeknt^erroraif the roll w^re^saj^ 
to altjer the^ intensity of the detected portion of the b^am. ^ 

30 Since variations in the tilt of the sample surface at the milll-degree 

level are almost inevitable, it is necessary to have some means of 
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dealing with tit - especially pitch. Fig. 11 illustrates a prefared tilt^ ' 
detection scheme. ' ^ ; • ; . : : : ; j i- 

As depicted in Fig. 11, a laser beam is split by a beam splitter 60 
oriented at a 45** angle. Part of the beam continues tovtfardihe sample 

5 62 and is focused to a point by a lens 64. A reflected beam reflects from 
the sample 62 and passes back up through the same focusing optics. 
Part of the reflected beam Is reflected by the beam splitter 60 to a. 
position sensitive detector 66 which may ^preferably be' a quad cell - 
photodiode detector. A change in thef sample orientation (shown by the 

10 dotted lines) causes the return beam to shift This displacement can be 
measured quantitatively with the quad cell photodiode 66. The 
advantages of this method include its non-contact nature, high accuracy 
(detennihed by the focai length of ttie ten&64 and thef sensitivity of %\e ' 
quad cell 66), and the fact that it can be conducted cohcuitentV With, ■ 

15 XRR measurements because the quad cell detector 66 views the 
sample from above. With this method; tilts well below 0:00t? may be 
measured. * $ . ^ --L'-ir -it-..'- , . 

Preferably the tilt detecttjr d^ribed atJbve may be calibrated - 
using samples whose tilt is known. Alternatively, an approximate 

20 mathematical relationship between the; readings of the quad cell detector 
and the sample tilt may be used to interpret the data. For this purpose it 
may be assumed that the light coming irUethe lenS'64 of rig: 11 is 
colliraated and has unifcma intensity- ever the illuminated sil^cle on the 
lens (radius r), and that the lens aperture is larger than thisHlumiiiated-^ 

25 spot. If the lens 64 has a focal length f and the wafer is tilted by a small 
angle d, then the reflected beam, 60, is shifted by a distance s on the 
quad cell detector 66, which distance s Is given by: 

s = 2 X f X d (where d is measured In units of radians). 
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For purposes of iUustraidon it is convenient to , consider the:case 
where the tilt is in the plane of Rg, 1 1 (le. the a)ds of titt rotation is about 
the normgfto the paper), so that the reflected beanrt ishifts upwards on 
the quad ceil} 66, as shown by the dashed lines. 

The quad cell is composed of 4 quadrants whic*» each produce, an 
output signal proportional to the intensity on the quadrant Q1 , 02, Q3, & 
04 (quadrants t^are on top; 3&4 are on bottom; and 1&4 are on the 
right side). We can define the vertical tiit signal as ' 

Ty = (01 + 02 - Q3 - 04) / (01-+:.Q2.h^.Q3 + Q4) ^ = [(top - bottom)/sum] 

(Here. Ty means tilt about the:^.veftical (y) axis to distinguish from tilt in ' - 
orthogonal direction: Tx.). , ; , ; : : u n : . ■ ^ . • , . : 

When the quad cell is ])\umn^^ by a beam reflected from a non- - 
titted sample, each quadrant should produce signals of the same 
strengtii qO. In this case, tlje yerticattjlt signaUs \ 

20 . . / : 'Ty=(qO + qQ:':qOi^ qO)/<4 xqO)==0 _ . ' 

For very'ipmall tilts tiiat^Hft the beam tjpwards, the upper two 
quad signals/increase and the lower two.decrease. Jf the spot on the . ■ 
quad cell shjfts.up a di?tanp@ s, then.tiie increase in the sigtlal 01 is 

25 ■ . ^ v-rv; ■ . , . . . 

AQ,1 =(4xqOx s)/(7rxr): ;whef*e7r= 3.1415a.. :•. ' ^ 

= (8 X f X d X qO) / (71 X r) (using the earlier equation for s). 

30 In this case, the tilt signal becomes: 
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: Ty = AQ1/qO= (8xf xd) /^Tcxr) • 

lYiis equation cian be reversed to solvbWthe tilt angle d as a 
function of the measured tilt signal: 

' '' • • d = (Ty*7i>0/(8xf); ' ' - • 

The same kind of analysis may be applied in the case of an ' 
orthogonal tilt. Tx. or the'case where there is both a vertical and 

10 orthogonal tilt ''' • ' - f — ^ : - ^ 

Once the sample tilt rtas beeh indepehdently measured, it is 
necessary to correct for Vne tilt Either of two methods of correctioh may ' 
be used. In one method, the tilt may be corrected for in analyzing the' 
data received from the X-ray detector. Alleiriatively' the orientation' of 

15 the stage on which the sample rests may actively conlrolied ih order 
to reduce the tilt ^ . . , . 

If the tilt of the stage is actively controlled, the tilf senior reading 
may be* used to purposely s^t the stage tilt to some non-zero angle. 
This could be useful in studying films with particularly large criticai - 

20 angles because tiling the stage would shift the inoidende angle range'to 
higher angles. . ^ - : . : , . 

Yet another aspect of the present invention coi^^^^ ^ 
calibration of the vertical position of the sample. Changes in this sample 
height lead to shifts in the locatibn of the reflected bearh as'shdwn in - 

25 Fig/12. The shift of the reflected profile on the detector an^y 

approximately 25. where 5'is the focus en-or. and d is the distance from 
the focus to the detector. This results In an angular en-or of about a/d, 
where d is the distance from the focus to the detector. (This is so 
because the zero angle is interpreted to be the midpoint between the 

30 incident and reflected beams.) For systems designed to measure 8" 
wafers, d could be as srhall as about 5" which means that for every 10 ' 
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microns of focus error,, an angular en'or of about 5 miilklegrees is 
introduced. Errors of this magnitude may alter tlie thickness readings by 
several angstroms and constitute a major limitation on measurement 
accuracy. , ■ : 

5 The present invention provides a method of controlling this source 

of enror by quickly and accurately bring the XRR system into focus. This 
method for autofbcusing works by measuring the coilimation of a beam 
reflected from the sample surfaoelhrpugh a focusing lens as shown In 
Rg, 13, The assignee of the present invention has previously employed 

10 a similar methodology for measuring both the tilt of the sample and the 
vertical position of the sample in the context of prior art Jight-based beam 
profile refiectomet^,and bearn profile e!iip3omeuy .(s@s U.S. Patent No. 
5,042.951 ; U.S. Patent NQ..5,412,4^3;^^rid PCT publication WO 
92/08104.. However, the inyep^rs belijeye,that.they are, the first to 

15 recognize that such a methodplpgy. coi^ld bemused to solve the distinct . 
problems characteristic to the proper calibration and operation of an X- . 
raYreflectometry^system. ^ . . .. ^ , - 

As depicted ir> Fijg. .1j3,^,ia,laser.bearn is split t)y a. b^am splitter 60 
oriented jat a 4§? angle.,. Ract.^ l*\e^. beap CQiitin u^s toward the sample 

20 62 and, is focused to a poiritby^ F ^ . AreflectecJ Ipeam reflects from 
the sample and passes back up through the same focusing pptics.. Part 
of the reflected, beam is refl^J^jl by. the b^am^ splitter 6p^nd is focused 
by a $ecoad focusing lens^.69r j?ii& .second 1 68,brings the reflected 
beaiyi into focu? neara spirirjiog kiiufe edge jor "cjipppei^ 70, located in . 

25 the focal f^lane of the ^% The Joc^tion of this secondary.focus is, in 
turn, dependent on the height^pf the saniple.. As ttie„sample moves up, . 
for instance, the secondary focus. move§ downstream.. The direction and 
speed of the chopper's shadow is detected by a position sensitive 
detector 66 which may preferably be a quad cell phptodiode detector. If 

30 the chopper is not located at .the focus, one side or the other of the quad 
cell will be dari<ened first by the shadow of tiie chopper, depending on 
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which side of the focus the choppfer is located: Sy measuring the ' 
movement of the chdpjDer's shadow, it is possible to calculate both the 
position of the secondary focus relative to the-position of the chopper 70' 
and the sample height 

5 The precision of this method depends on the focal lengths and 

apertures of the various components and increases with the 
magnification of the lenses used. 

The autofocus signal produced by the above described detector 
scheme may be defined as the timing difference At between the time 

10 when the top of the detector is shadowed and the time when the entire 
detector is shadowed. At can be positive or negative depending on 
whether the sample surface is above or below the focus. The sensitivity 
of the system S can be defined as the measured time gap for a given 
focus enror: 

15 

S = At / Az, where Az is the distance of the objective lens 64 from conrect 
focus. (Like At Az may be positive or negative.) 

If the objective lens 64. has a focal length f1, and second lens 68, 
20 has a focal length of f2, and the beam incident on the first lens is 

collimated and has a radius of r, then the sensitivity S of the autofocus 
detector to small focus enrors is given by 

S = 2xrx12/(f1 xf1). 

25 

From these equations it is possible to calculate Az given 
knowledge of At and the parameters r, f1, and fl. Given Az, the distance 
of the objective lens 64 from conrect focus, an appnDpriate adjustment in 
the relative sample height may be made. 
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the claims that follow and equiyal&ite thereof, and is not limited to any of 
the specific embodiments described above. y . ^ ^ ■ 



' ■ . . • *i -J . . . , 



'ti . ; *' :.' 
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What is claimed is: ; . ' ; 

1. A method of measunng X-ray reflectivities of a ttiin film layer ^- 
5 on the surface of a sample conrjprising -the sieps' of: - - 

generating a probe beam of X-rays; ^ ^ 
focusing said probe beam on the surface of said sample such that 
various X-rays within the focused probe beam create a range of angles 
of incidence with respect to said surface; ' . - . 

10 measuring the intensity: of various X-rays as a function of position 

within the probe beam as reflected with the positions of the X-rays within 
said reflected probe beam con-esponding to specific angles of incidence 
with respect to said^surface; and ' / : <. 

comparing the measurement of the intensity of the various X- > 
15 rays within said reflected probe beam to cbniesponding measurements 
of an unattenUated probe beam made withvth's sample renrioved from the 
X-ray pathway.- - ' . rrij.ir : y 

2. A method^s recited in Claim 1 'wherein-said corresponding 

20 measurements of m artattenuated pixjbe bsam are made using ian 'X-ray 
detector located -at least in part below the plane of the sample: : 

3. A method as recited in dalm 1 v/nerein said corresponding 
measurements of an unattenuated probe beam are made using an X-ray 

25 detector located both above and below the plane of the sample. 

4; A method as recited in daims1,2v or 3 further wherein said 
measurements of the intensity* of the varioxis X-rays wittiin said reflected 
probe beam are nonnalized by dividing by said con-esponding 
30 measurements of the unattenuated probe beam made with the sample 
removed from the X-ray pathway. 
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5. A method as recited in claims 1 , 2, or 3 further wherein the . 
correspondence between the reflected probe beam and the 
unattenuated probe beam is obtained by locating « point of symmetry for 

5 the two probe beams within the regton of small angles of incidence4o 
the plane of the sample such that Xrray refiactidn from the sample is 
nearly total. , r . : - . j , 

6. A method of measuring theLCharacteristics of a thin film layer 
10 on the surface.of a sample comprising fte stpps of: i r . 

" -generating a. probe beamof X-rays; ->•; '.^ c: 

r foeuslng-^ald probe b^am ot^'the su3l3ce;'Qf said sample such that ■ 
various X-rays within the focused probe beam cretate.a range of angles 
of incidence with respect ta said surfece;*" :r . 5 ? 
15 measunng-.the intensity!©* variows X-rrays, as a function of position. . 

within, the proije beam as reflected with the positions of the X-rays within 
said reflected probe beam con^ponding to specific angles of incidence 
with respect to said surface; 

compariiig the measi«ei3aefnts oftheiint0nsity.tif the va X- 
20 rayswithln:saidreftected^prcfbejteam,tbxonespondin 

of an unattenuated probe made with the sample renrroved from the 
X-ray pathway; and 

dete^nining the charactsetristics-ofsaidrthirr film Jayerbafeed upon 
the intensity measurements V , c ^ ;^. : f 

7. A method as recited in claim 6 wherein said corresponding 
measurements^of an unattenuated probe beam are made using an X-ray 
detector located at least in part below the plane of the sample. 
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8. :A method as recited in claim 6 wherein said corresponding 
measurements of an unattenuated probe beam are made using an X-ray . 
detector located both above and below the plane of the sample. ^ 



5 9. A method as recited in claims 6, 7, or 8 further wherein said 

measurements, of the intensity of the various X-rays within said reflected 
probe beam are nomnalized by dividing by said corresponding 
measurements of the unattenuated probe beam made with the sample 
removed from the X-ray pathway: . , . * ^ . 

1 0. A method as recited in claims 6, 7, or 8 further wherein the 
correspondence between the reflected probe beam and the . . 
unattenuated probe beam is obtained by locating a point of symmetry for 
the two probe beams within the region of small angles of incidence to 

15 the plane of the sample such that X-ray reflection from the sample is 
nearly total. ~ - , - ^ 

11. A method of locating the focaUocation of an X-ray optic for 
use in an X-ray reflectometry system cbniprising the steps of. 

20 generating a probe beam of X-rays;' ' 

focusing said probe beam using said X-ray optic; 
nieasurihg the fntensify profile of said probe beam at more than 
one location along the X-ray path from said X-ray optic; and ^ 

detemninihg the positibn of the fecus of said X-ray optic as the 
25 point of convergence of the edges of said probe beam by exfrapolating 
from the measurements of said intensity profile of said probe beam. 

12. A method as recited in claim 1 1 wherein said X-ray optic 
includes a Johansson crystal. 



30 
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.13,. A method of validating- an X-nray optic for use in an X-rayi 
reflectbmetry system comprising. the steps of:*- ^f .. r ; ^ ^ 
generating a probetbeam:of X-raye; / : k 
passing said probe beam through a gnd mask; 
5 : focuising said probe beam,using' said X-ray optic; 

: measuring* the intensity of said probe beam as a function of 
position; and ^. . . - . ^ ? . 

validating said X-ray optic based on.th&occurrence of the ' 
maxima and minima in the measurements of .tiie<intensity of said probe 
10 beam as a function of position. 

14. A metiiodas.recited wdaim 13 wherein said focusing optic 
includes a Johansson crystah: . , . \ ^ ^ : -. 

15 1 5. A method of aligning the bend axis of an X-ray optic for use 

in an X-ray reflectometry system with a probe beam of X-rays 
corriprising the steps of: 

generating said p;obe beam of X-^^^ 
passing said probe bearn acrqssjan obstrUjCipn; 
20 focusing said probe beam using said X-ray optic; 

measuring tiie intensity of the focused proiae beam as a furiction 
of position; and ^ 

aligning the bend a)ds of said X-ray optic byjorienting said X-ray 
optic so as to minimize ^e vyidth of tiie shadow cast by said obstruction. 
25 ' , ■ \ '''\[' .' , " ' * . 

16. A method as recited in claim 16 wherein said focusing optic 
includes a Johansson crystal. 
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17. A method as recited in claim 15 wlierein said obstruction is a 
fine wine. • ; :^ - • :■ '.r S : . ; / 

18. A method as recited in claim 17 further wherein ^aid fine wire 
5 is oriented substantially parallel to the initial orientation of said bend 

axis. ^- ' ' ' ■ ' - ' - 

19. A method for measuring the tilt of a sample for use in an' X- ^ 
ray reflectometry sysfenl 66mprising^tlle^s^e^3S of. - ' •'• ' > ' 

10 generating a beam of light' - 

directing said beam of light tb the surfecis of said sample; - ' 
reflecting said beam of light fixiii^i'&id • . : • : 

measuring theteflected^eaiti of light with a' position sensitive' ' 
detector; and 'e' : / . ,; . 

15 determining changes in the tiit of ^siid sanripl^ based oh the ' 

measurements made by the position sensitive detector. 

20. A method of measuring the cHaracteHstits of a thin film laye^^ 
on the surface of a sample comprising the steps of. 

20 generating a probe beam of X-rays; ' 

focusing said pirobe beam oh the sQrface of said sample stich that 
various X-rays within the focused probe beam create a range of angles 
of incidence witib rfespect to sid siiirface; ' '^ ' ^ " ** * 

measurrhgthe intensify of vaitoii d furictSdn of posltidn 

25 within the probe beam as reflected with the'^pbsitiorts of the X-rays within 
said reflected probe beani corresponding & specific angles of inbidence 
with respect to said surface; and - ' ' ' ' 

separately meaisuring the tilt of said" sample in order to either 
adjust said tift or to correct the X-ray measurements to account for said- 
30 tift:^ ' '■' ' ' ' / ' 
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21 An X-ray reflectometer for evaluating characteristics of a 
sample comprising: 

an X-ray source for generating a first probe beam of X-rays 
5 directed to reflect off of the sample; - - _ , 
a^first detector for measuring the intensity of the reflected first 
probe beam and generating first output signals in response thereto; 
a processor for evaluating the sample based on the first output 

signals;. ^ f \.r ' • 

10 a light source for generating a second probe directed to reflect off 

the sample; and ■ , 

a second detector for rflpriitpring the second probe besm after it 

reflects of ttie sample and generating secppd ou^ut signals in response 

thereto, said second oulput signals being indicative of tlpe vertical 
15 position of the sample wherein said processor utilizes the second output 

signals to measure.the.vertical,position pf the sanipte^^ , 

22. A method as recited in dalm 20 wherein said tilt is adjusted 
based on said ti[t me^asurem^n^: . . . - - : . ..: 

23. A method as redted.in claim-^0 wiher^in gaid X-ray , 
measurements are con*ected ;Jp^^§0xin said tiltjTJe^surements. 

24. A method of measuring Jti^ refl^ctiylties thin fijm layer on 
25 the. surface of a ?amplf inclucjing;the^teB® generating a prot?e beam 

of X-rays; , focusing jsaid probe beam on the sjjrface of^id sample such^ 
th3t .yarious.XTnays within the focused probe be^icn crjMtte a range of , 
angles of incidence with respect to said surface; fneasuring the^ intensity 
of various XvTays as a function^pf -position within the probe beam as 
30 reflected with the pqsitions of the X-rays within said reflected probe . . ^ 
beam corresponding to specific angles of incidence with respect to said . 
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surface; and separately measuring the tilt of said sample in order to 
either adjust safid tilt or to conrect the X-ray measurements to account for 
said tilt said tilt measuring comprising the steps of: ^ 
• generating a beam of light - 
5 directing said beam of light to the surface of saiid sample; ' 

reflecting said beam of light from said sample; ^ 
measuring the reflected beam of light with a position sensitive 
detector; and ^ ^ 
detenmining changes in the tilt of said sample based on the ' 
10 measurements made by the position sensitive detector. - ' > ' 

25. A method as recited in dairri 19 or 24 wherein said step of ' ^ 
generating a beam of light includes using a laser light source; - ' 

15 26.' A method as reciti^jn claim 1i9<)r 24 whereih'said p^^ 

sensitive detector is a photodiode detector. 

27. A metiiod as recited in daim19'0r 24 wherein said tilt is'- 
adjusted based on said tilt measurements. 

28. Ametiiod as recited inclaimi9 or 24wh(sreirisaid X-ra^^ 
measurements ^are corrected based or\ siid t51t measurements. 

29. A metliod for measuring the tilt of a sample for use iri an X- 
25 ray reflectoraetry system comprising the^^teps of: - 

generating a beam of light; 

focusing said beam of light on ttie sufface of said ^sample; 
measuring the reflected beam of light with a position sensitive 
detector; and 

30 . detemnining changes in tiie tilt of said sample based on tiie 
measurements made by.ti^e position sensitive detector. 
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30. A method of me^uring the. chsracteristics of a thin. film, layer 
on the surface of a sample ipqiuding thQ steps, of generating a probe 
beam of X-rays; focusing said probe beam on the surface of said sample 
5 such that various X-rays withrn 'the fqcus.ed probe beam create a range 
of angles of incidence.>Aiith respect to said surface; measuring the 
Intensity of various X-rays.^s a ftjnction.of position-within the. probe 
beam as reflected with the positions of the X-rays withrn, said reflected 
probe beam conresppnding ,tp .specific angles of incidence \Mth respect 
10 to said surface; anc) separately measuring the^lt of said sample in order 
to either adjust said tilt or to conect the X-ray measurements to account 
for said tilt said tilt measuring comprising the>steps.Qf: . 

generating a beam ofiigNt. , j : . * 

focusing said beam of light on the surface of said sample; 
15 . measuring ^he reflected4)eam ©f light vflth a position sensitive 
detector; and •f.,::„.:.o , ^ . . 

determining changes In the tilt of said sample based on the 
measurernQnte made 'by the P9si1i<^ fsensi^ detector. . - 

20 31 . A method as recited in claim 29 or 30 further wherein said 

incident^be^m of .light is fqcMBQd in a 0ianner:j^ch that it includes at 
least one ray that is s,Mbstaf|ti.$i!ly nomiai^Q sgid surface of said sample. 

. 32; A )fnethp.d as..re^;ited.in;Claim-29 oF'^^ 
25 generating a beam of light includes using a laser iight source. 

33. A mefriod as recited in\claim 29 oj 30. wherein said position 
sensitive detector is a phptpdiode detector/ . : - ^ . v >. ^ ; - . 

30 34. A method for measuring the tilt of a sample.for use io an X- 

ray reflectometry system comprising the steps ot / : 
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generating a beam of light; • • " - ' " 

passing said beam of light througli a be^ ' ■■• ■ 

using a lens to focus said bedm of light oh the surface of said • 
sample; - v ^ ' ' , ^ 

5 refunning at least a portibrv of tine reflected beam back through * 

said lens to said beam splittef and reflecting it to a position sensitive 
detector; • . ^ . . 

Using said position sensitive detector to measure the beam of 

light and - . % ; L ■ ^- 

10 detemnining changes ih the tilt of said sample based iipoh the ■ 

measurements of the position sensitive detector. ■ ' " ' 

35. A method ^s recited '\r\ claim 34 further wherein said incident 
beam of light is focused in a manner such that it includes at feast one ^ ' 
15 ray that is substantially normal to said surface of said sample. 

.' . ^ ' ■ . ■ j^*:.* \ ■■ \ * 'i 

'36. A method as recited in 6la;m 34 wherein said step of ' ■ 
generating a beam of light includes using a.laSer ligi it souf-^e. 

20 37. A method as recited in claim 34'Wherain said posi^bn ' 

sensitive detector is a photodiode detector. 

38. A method as recited in cliaim-29 of 34 wh^rein said tilt is • 
adjusted based oh saiid tiltWeasur^rhentSi ■ " ' ' '* 

39. A method as recited in claim 29 bif 34 wherein^ said X-ray 
measurements are corrected based on said tilt measurement^. ^ ^ 

40. A method of measuring the charaderistics of a thin 'film layer 
30 on the surface of a sample comprising the steps of: 

generating a probe beam of X-rays; 
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focusing said probe beam on the surface of said sample such that 
various X-rays within the focused, probe beam create a range of angles 
of incidence with respect to said surface;-. - . 

measuring the intensity of various X-rays as a function of position 
5 within the probe beam as reflected with the positions of the X-rays within 
said reflected probe beam corresponding to-specific angles of incidence . » 
with respect to said surface; and 

separately measuring the vertical positipn otsaid sample ia order 
to either adjust said vertical position relative to the focus of said focused 
10 probe beam or to correct the. Xyrgy nr]easurements to account for the 
relative vertical position. , • . , 

41 . A method as recltetd in Qiaim 40 wherein said relative vertical 
position of said sample is adjystedv , - - • ^ ^ . 

15 ■ ' c:- - ■■ / 

42. A method for measuring changes in the vertical position of a 
sample for use in an X-ray refijectorrietry system comprising the steps of: 

generating a be9m:Qf;Hght;. . .^ ; . i . * : 

passing said beam through a beam splitter, 
20 using^a lens to focus -said^arrvof light ori the surface of said 

sample; r ... ^ - 

returning at least a portion of the reflected beam back through 
said lens to.sald.beam splitteo^d reflecting it. from.said beam splitter; 
using a second lens to bpngitlne. l?eam r^flegted from said beam 
25 splitter to a focus near a chopper; 

measuring tiie movementjof the shadow cast by said chopper 
using a position sensitive cletectpr, and. - . f 

determining changes in the vertical position of said sample based 
upon tiie measurements of said shadpw. — - * f 
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43. A method of measuring the characteristics of a^in film layer 
on the surface :^f a sample' including the steps ofgenerating a probe: 
beam of X-rays; focusing said probe beam on the surface of said sample 
such that various X-rays within the focused probe beam create a range 

5 of angles of incidence with respect to said surface;: measuring Cie 
intensity of various X-rays as a function of position within the probe 
beam as reflected with thie positions of the X-rays within said reflected 
probe beam conresponding to specific angles of incidence with respects ^ ; 
to said surface; and separately measuring the vertical position of said 
10 sample In order to Either adjust said vertical: position relative to the focus 
of said focused probe beam or to correct the X-ray measurements to ^ 
account for the relative . vertical position, said vertical position measuring 
comprising the steps of: : r / : ; 

' generating a beam of light; - : ; r: - l ^ . ^ 

15 passing said beam through a beani splitter; ^ 

using a lens to focus said beam of light on the surface of said / ^ : 
sample; -^-.-^ v v -'hj^^/in- -. 

returning at least a portion of the ceflected beam back through ; ^ 
said lens to said beam splitter and reflecting it from said beam splitterr ^ 
20 using a second iens to bring the beam reflected from said beam 

splitter to a focus near a chopper; , : ; : , - . . ^ 

measuring the movement of .ttiw% shadow cast by said chopper 
using a position sensitive detecton and ^ : i : ^ 

detemiining changes in the verticarposition of said sample based 
25 upon the measuren)ents-otsaid shadow. - : . . 

44. A method as recited in: claim 42 oi^.43 further wherein said 
beam of light is focaj^ed in a manner such that it includes at least one 
ray that is substantially nomnai to said surface of said sample, f 
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45. A method as recited in daim 42!or 43^wherein said step of 
generating a beam of light includes using a laser light source. . ^ 

. 46, A method as redted in daim 42 or,43 wherein said position 
5 sensitive detector is a photodiode detector. - • . 

.47v An apparatus for measuring the characteristics of a thin film 
layer on the surface of a sample comprising: : 

means for generating a probe beam of :X-rays; 
10 -.rT>eansforfocusingsaidprobebeam<on:.thesurfeceofsaid 

sample such that various JCrfayswittiin the focu^d probe beam create a 
range of singles of Inddence Witfr respect to said suriace; . 

means for measuring the intensity of various X-rays as a function , 
of position within the probe beam as reflected with-*© positions of the X- 
15 rays within said reflected/probeijeara corresponding to specific angles 
of incidence with nespect to s^d surface; and 

means for separately measuring the tilt of said sample in order to : 
either adjust said.tilt or toiGorrecfcthe Xtray measurements to account for 
said-tilt* pr^^r ■ \ ^- . ^.. i:* j 

48. An apparatus for measuring the characteristics of a thin film ,d 
layer on the surface of a, sarnpte^ccmprising: . - s-- 

means for generating a probeJjeam of X-rays;; ; > 

. m6ans for focusing sald pnobe beanr on the surface of said. 
25 sample such tiiat various X-rays within tine focused probe beam create a* 
range of angles of Incidence with respect to said surface; 

means for measuriing.the intensity of various X-rays as a function 
of position Witiiin the probe beam as reflected with the positions of the X- 
rays within said reflected probe beam conresponding.to specifia angles 
30 of incidence with respect to said surface; and 
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means for separately mea^iJririg the verticat-pb^itibn of said ^ 
sample in order to eitlier sdjust said verticar^pbsition relative to the fccus 
of said focused probe beam of to correct the v<-ray irneasurements to 
account for tiie relative vertical position. ' * * 

5 

49. An X^ray reflectom^ter for evaiiiatihg characteristics abbut a 
sample comprising: * ' - ■ - - ' " - * 

an X-ray source for generating a first probe beam of X-rays 
directed to fefleGt off of Uie sample; " - r ■ - 

10 a first detector for ilriesisuring the fntensity of the-reflected first - ■ 

probe beam and generating first output signals in response thereto; 

a processor for evaluating the sample^ based on tile ^rst output 
signals; ^ ~ " ^" ' ' ■ ^.r;v.'>.^:- • >- o'-^- 

a light source for generating a second probe directed to reflect off 
15 the sample; and ^' :. : . a; v: \. 

a second detectdr'for mdM6ring%esocchG 
reflects of the sample and generating Jecond output sigtials in response ■ 
thereto, said second output 'signals belhg^lhdit^live'of the orientatidn or 
vertical position of the sample and "wfiereiri said processor- utilri:es the 
20 second output signals to improve the evaluation of the sample. 

50. A reflectometer a^ recited in QlairT»,49 wherein.said prpcessor 
utilizes the second output signals to change the orientation of the . 
sample.. ... ^. . . .... ... „ o - 



25 



51 . A reflectom,eter, as. recited in claim 49 wherein said processor 
Utilizes the second output signals in an algorithm to correct for . , ^ 
measurernent enrorsJnduped^yyanatiQns,i^ orientation of th^ 
sample. 



30 



( 

wo 01/71325 ■ : 



( 

PCT/US0iy07338 



31: 

52; A refiectometef:as recited in daim.49 wherein said second 
detector measures change&in-the angular dipe^^ 
secondj probe beajn ip ord§r to provide Jnfonnation aboyt the tilt of the 
sample 

5 

. 53:;A reflectometer as repited in claim 49 v^rtierein said second 
detector is a position sensitive detector. , 



54. A reflectometer as recited in claim 49 wherein saidprocessor 
10 utilizes ihe second output signals to change the tiliof the sample. 

; 55^- A reflectometer recit<$H in claim; 49 wherein said second 
detector is configured to detemiine the vertical position of the sample: 

15 56. A reflectometer as recited in claim 49 further including a 

focusijng element for focusingihe fiF^t pj^pbe beam on the surface of the 
sampje and wherein :th.e second; gn^piA signals are used by the , 
prqce^sprto control IJie y^jg;! height ofvthe .sample to-keep the first ,^ ' , 
probe beart) in focuis pn^Jhe sample gurfece. , , . - ^ , 

57. An X-ray reflectometer for evaluating characteristics about a 
sample comprising: 

an X-rs(ysour& for gehferating'a first pr 
directed fo reflect off of the sarnple;^ " ' ' v:- - ' 
25 a first detector for measuring the intensity of the reflected first 

probe beam and generating first output signals in response thereto; 

a processor fdr ev^iliiatin^ thfe siahipie baied 6n the first output 
signals; ' ' ' ' ' .c-. ^ : 

a light source for generating a second probe directed to reflect Off 
30 the sample; and 
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a second detector for monitoring the second -probe beam after it 
reflects^of the sample and generating second output signals ir resporiise 
thereto, said second output signals being indicative of the orientation of 
the sample with respect to the first probe beam and the first detector and 

5 wherein said processor utilized the second output to measure the 

orientation of the sarnple.. v. . , . 



58. A method for measuring changes in the vertical position of ,3; 
sample for use in an X-ray reflectoiTnetry systen) comprising , the steps of: 

10 generating a beam of light, r . : ■ : ^ 

.using ajens to focus said beam of light on the surfece of said 
sample; ' - f/c^' -; • ; r.-i ■ 

directing at least a portion of the reflected beam to a second lens; 
using^.said second lens to bring the reflected beam to a focus near 
15 achoppen . ^ . ; 3' . c-^- : , - . 

measuring the rnovement of th^ shadov,* cast by said chopper 
using a position sensitive detector, and 

detemriining changes in the verfical position of said sample jDased 
upon the measurements of seid shsdpw. ; . . ; 

20 

59. A method of measuring the characteristics of a thin film layer 
on the surface of a sample including the steps of generating, a probe . 
beam of X-rays; focusing said probe beam on the surface of said sample 
such that various X-rays within the focused probe beam create a range 

25 of angles of incidence with respect to said surface; measuring the 
intensity of various X-rays as a function of position within the probe 
beam as reflected with the positions of the X-rays within said reflected 
probe beam corresponding to specific angles of incidence with respect 
to said surface; and separately measuring the vertical position of said 

30 sample in order to either adjust said vertical position relative to the focus 
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of said focused probe beam or to.correcttii&X-raytneasur^ments to 
account for-the relative vertical position^ said vertical position measuring 
comprising the steps of: ; 
.generating a beam of light; v 
5 using a lens to focus said beam of light on the surface of saicj 

sample; 

directing at least a portion of the reflected bearri to a second lens; 

using said second lens to bring the reflected beam to a focus near 
adibppier; ^^^"^ v:/ i ... y - : ^/ . . ^ - 
10 - measunrig tifife movemeht of Ihe shadow'cast by 'said chopper 
using a position sensitive detector; and " ^ , ^ 

detertnFriihg changes fri fHe-vertical positiorf <}f sand sample based 
upon the measurements of said shadow. 

15 60. A-method as redted in claim' 58 or^ further^herein said 

beam of light is focused in a manner such that it includes at least one 
ray that Is substSritidtly Rdntiiar to said'S'urfaoe of said sample. ' 

61. Ameth'od as'recftedih daim58dr59\A^hereirf 

20 generating a beam of light included iisir^g a<^ser Tight sckjrce. 

62. X rnethbd as recitecf in daiht 58' or 59 wherein said position 
sensitive <Jetk±)i' is a phofod^^ 
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